Abstract--Determinations of the molecular orientation of ornithine and 6-aminohexanoic acid on the surface of vermiculite using polarized i.r. attenuated total reflectance have shown that the ornithine molecules lay almost fiat on the clay surface, except for a C-N bond projecting towards, and hydrogen bonded to, the surface. Ornithine formed two adjacent layers in the interlayer space, whereas 6-aminohexanoic acid formed only one layer. The terminal C-N bond of 6-aminohexanoic acid was at 46 ~ to the surface, the plane of the carbon chain having a tilt of 34 ~ and the molecular axis sloped at 36 ~ to the surface. The amino acids, thus orientated, were positioned in the interlayer space using van der Waals contact distances and hydrogen bond lengths obtained from i.r. spectra. The i.r. results agreed with two dimensional electron density projections. In the ornithine complex, some of the methylene groups were so close to the clay surface that interaction may have caused the marked reduction observed in the intensity of the C-H stretching vibrations.
INTRODUCTION
The molecular orientation of organic molecules, including amino acids, adsorbed on clay surfaces has been a matter of considerable study and debate; for reviews see Brindley (1970) and Theng (1974) . As a contribution to this field, we have extended our preVious work on lysine-vermiculite (Raupach et al., 1975) by examining the orientation of two further amino acids, ornithine and 6-aminohexanoic acid, on the vermiculite surface using a refinement of our previous i.r. technique. These two amino acids exhibit a contrasting behavior at the surface.
By polarized i.r. attenuated total reflectance (ATR), we have determined transition moment directions of the molecules of both amino acids in their separate complexes with vermiculite. The resulting directions give molecular orientations with respect to the silicate surface. The ATR technique has been recommended in orientation studies by Wolfram and Grasselli (1970) and was used to determine the orientations of stearic acid in thin films by Takenaka et al. (1971) , but it has not been previously applied to clay mineral systems except for our work on lysine-vermiculite. The technique offers a more complete and direct measure of molecular orientation than has been obtained using alternative methods. After the orientations of the organic molecules were determined from their i.r. transition moment directions, the disposition of the molecules in the interlayer space could be fixed by using hydrogen bond lengths and van der Waals contact distances. Our results are in acceptable agreement with electron density projections from two dimensional Fourier analysis carried out by Slade et al. (1976) (previous paper) in an associated study.
Previous work by others has led to the proposal of structures for ornithine and 6-aminohexanoic acid molecules adsorbed on vermiculite. Rausell-Colom and Forn6s (1974) reported a structure for ornithine cations in a 16.3A phase complex with vermiculite. The carbon chains were found to lie along the surface and in a plane perpendicular to it. The carboxyl group and the N1-C(c 0 bond were coplanar. This plane was perpendicular to that containing the carbon chain. Both nitrogens were presumed to be directed away from the surface. Kanamaru and Vand (1970) reported a 6-aminohexanoic acid complex with vermiculite at a pH of 5.5. The amino acid molecules had their carbon chains along the silicate surface and with the plane of the carbon atoms tilted at a high angle to it. At their pH, however, zwitterions may also have existed in the interlayer. This could account for differences in comparison with our results, where a lower pH was used. Some qualitative i.r. work has been included in the studies by Forn6s et al. (1973) and Mifsud et al. (1970) .
EXPERIMENTAL

Materials
Two vermiculite samples were examined; they came from Nyasaland, now Malawi, (N) and Young River, Western Australia (YR) and have been described by Norrish (1973) 
Methods
The natural vermiculite was cut into flakes about 1.5 x 0.8 x 0.i mm and sodium saturated with a 1 M solution of sodium chloride for 48 hr at 80~ The flakes were then quickly washed with distilled water and reacted with 0.5 M solutions either of L-ornithine monohydrochloride or 6-aminohexanoic acid at the pH of maximum cation concentration which was 5.2 or 3.2 respectively. Reactions were followed with a transmitted light microscope by observing the replacement boundaries as they moved from the edges of flakes to their centres. Specimens were then left in the amino acid solution for a further 2 hr at 40~ after this they were washed to remove excess organic material, and dried at room temperature. The rate of reaction between vermiculite and 6-aminohexanoic acid was considerably slower than that between ornithine and vermiculite.
After drying at room temperature, the basal spacing of the 6-aminohexanoic acid-vermiculite was found to be 16.92A and the ornithine-vermiculite had formed a phase with a basal spacing of 19.69A. The latter value may be compared with Rausell-Colom and Forn6s' (1974) result of 20.3A. On heating our ornithine complex at 60~ for 12 hr, or by leaving the material at room temperature for four days, a 16.1A phase was obtained. This was the phase used for orientation studies.
The i.r. measurements were made, using ATR assemblies manufactured by R.I.I.C., on orientated films and single flakes as described by Raupach et al. (1975) . Any molecular disorientation in the preparation of the films was slight, since similar results were found for films and flakes. Only the results on the latter are presented. Matched ATR units with germanium hemicylinders, were positioned in both: sample and reference beams to compensate for atmospheric bands. The flakes were pressed onto the reflecting surface of the sample hemicylinder with a teflon backing piece. Deuteration was achieved without the partial disintegration encountered previously in the lysine work, by direct exchange with D20 vaporand drying under vacuum. Perpendicular and parallel polarized spectra were recorded at a series of known angles of incidence in the region of 30 ~ , Transmission spectra of the pure crystalline amino acids in KBr' discs assisted the band assignments.
Calculations of transition moment directions were made with the assumption of isotropic refractive indices in the interlamellar region as previously described for lysine. However, on this occasion the individual band intensities, which are essential for the calculations, were obtained by splitting the polarized i.r. spectra into their component bands using a variation of the least squares program of Pitha and Jones (1968) . The calculated angle (4) represents the direction of the transition moment of the assigned band with respect to the silicate surface. The expected vibrational directions with respect to the molecule are set out for the assigned frequencies in Tables 1 and  2 . RESULTS 
AND DISCUSSION
The spectra of the deuterated and undeuterated complexes are presented in Figs. 1 and 2 for each polarization for the two amino acid-vermiculites. The different vermiculites used showed only minor and unimportant variations in their results.
Assignments
Bands used to orient the adsorbed amino acids were assigned as follows (see Tables 1 and 2 , and also, e.g. Tsuboi et al., 1963) .
The strong band at 1710cm -1 in the spectrum of the 6-aminohexanoic acid complex, which was lowered by deutemtion to 1700cm-1, was absent in the zwitterion form of the pure amino acid and was attributed to the C = O stretching vibration of the COOH group. The ornithine complex did not have this band. Instead, a broad band was present at 1610cm -1 in which the CO0-and NH~ antisymmetric vibration and the water deformation vibration were recorded as a single highly overlapped band envelope. Deuteration of the ornithine complex shifted the last two of these vibrations to about 1170 cm-~ and narrowed the envelope to a sharp, strong band at 1607cm -~ which was due to the antisymmetric stretching vibration of CO0-. In the 6-aminohexanoic acid complex, the entire band envelope near 1620 cm-t shifted by deuteration and therefore consisted only of NH~-and water deformation components. These results show that the carboxyl group is ionized in the ornithine complex but not in that of 6-aminohexanoic acid.
A strong band at 1506 cm-~ in both complexes and shifting on deuteration was assigned to the symmetrical deformation vibration of the NH~ group. This frequency indicates that the hydrogen bonding of this group was about the same in both complexes and was slightly stronger than in crystalline ornithine hydrochloride where NH... O distances in the range 2.86-2.88A have been reported by Chiba et al. (1967) . Using these hydrogen bond lengths and those of Bodor et al. (1967) for crystalline 6-aminohexanoic acid, we have calculated the frequency of 1506 cm-1 to correspond with a hydrogen bond length of 2.78A.
This, in turn, agrees to within 0.02A with that calculated from the NH~ stretching vibration at 3050cm -1 in both complexes using the LeonardJones potential function. There is no evidence for the -NHz group in either complex so that the amino groups are completely ionized. The amino acids in both complexes are therefore singly charged cations. (b) Polarized ATR spectra of the deuterated 6-aminohexanoic acid-vermiculite complex as for 2(a).
In agreement with published assignments (Miyazawa. 1960: Suzuki and Shimanouchi. 1963" and Serratosa et al. 19701 , the methylene vibrations were assigned as follows: 2930 cm-1 antisymmetric stretch. 2860 cm-1 symmetric stretch, 1460 cm-~ scissor. 1350 and 1320cm -1 wag and twist. The two methylene stretching vibrations of the 6-aminohexanoic acidvermiculite spectrum were strong whereas those of the ornithine complex were weak. even after deuteration to remove the influence of hydrogen bonded OH and NH stretching bands. The comparative weakness of the CH 2 stretching bands of the ornithine complex probably results from the closeness of the surface oxygen atoms of the silicate sheet which exert van tier Waals forces on some of the methylene groups. Fripiat et al. (1969) have shown that van der Waals forces may profoundly affect C-H vibrational intensities. For this to happen, at least some of the carbons of the ornithine molecules would have to lie within less than 3.4A of the silicate surface oxygens, measured between atom centres. It will be shown that this appears to be so.
Broad bands in the region 3400 to 3430 cm-1, shifting on deuteration, and due to hydrogen bonded OH and NH stretching vibrations, suggest a distance of 2.87A for OH... O; for the shortest NH... O, a distance of 2.78A has been suggested above. The highest frequency band near 3670cm -1 was due to a free lattice hydroxyl stretching vibration. There was no evidence for any perturbation of the lattice hydroxyl Serratosa et al., 1970) , either in these experiments or others with heating up to 200~ (not described).
Orientations
The ornithine complex.
The results for ornithine allow two possible molecular structures to be proposed for the molecule in the adsorbed complex. These are called 01 and 02. In both structures the atoms C2 to C5 may be regarded as lying in a plane along with N2. Structure 01 has N1 also in this plane and the CO0-group projecting to one side of it, whereas structure 02 has the COO-group approximately in the plane and N1 projecting to one side. Structure 01 approximates that found in crystalline ornithine monohydrochloride (Chiba et al., 1967) and structure 02 has similarities to lysine hydrochloride (Koetzle et al., 1972) . Figures 3 and 4 show that the axis of the molecule is approximately parallel to the silicate sheet for both structures, in agreement with Rausell-Colom and Forn6s (1974) . However, the plane of the carbon chain is tilted at a~n angle to the sheet in 01 but is almost fiat in 02.
Structure 01 is in accord with the transition moment directions of Table 1 except for the CH2 scissoring vibration, which corresponds to the dihedral angle between the plane of the carbon chain and the silicate sheet (see Fig. 3) ; this is predicted to be 25 ~ from i.r. results but 58 ~ from structure 01. It could be argued that neighbouring silicate oxygens prevent this transition moment from being along the expected direction. In particular the scissoring vibration, which is in the same direction as the symmetric stretch, may be affected. This is not so in our complexes, since the frequency and intensity of this vibration are similar in other amino-acids with no such interaction.
Structure 02 results from the possibility that interactions causing two of the methylene groups to be held to within about 3.0A of the surface oxygens (0.4,~ less than the distance for van der Waals contact) may be sufficient to twist the skeleton into a planar configuration, except for N1 which is at the tetrahedral angle to the carbon plane.
The linkage with respect to the silicate sheet, is shown in Figs. 3 and 4 . The N1 atom lies within the hydrogen bond distance of 2.8 to 2.9A of the surface oxygens. A hydrogen bond of similar length may also extend from N2 to the carboxyl group of an adjoining amino-acid molecule in the same layer as that illustrated.
Both structures appear to be possible from the two dimensional Fourier electron density diagrams of Slade et al. (1976) . We favor structure 02 because of the better agreement with the infrared results. 2. The 6-aminohexanoic acid complex. The orientation given by the transition moment directions for the, 6-aminohexanoic acid complex (Fig. 5) is compatible with the molecular configuration of crystalline 6-aminohexanoic acid (Bodor et al., 1967) . The molecule extends from near the surface of the sheets into the interlayer space at an angle of 36 ~ with the plane of the carbon chain tilted at 34 ~ . The rise from nitrogen centre to the furthest oxygen centre is 5.05A. This orientation allows van der Waals contact at 3.4A between both C5 and C6 and the surface oxygen atoms (see Fig. 5 ) but precludes the strong interaction found for the ornithine complex. In addition the terminal oxygen of the carboxylic acid group, presumed to be OH, is at the van der Waals distance from the surface oxygens of the opposite sheet. Hydrogen bonds of 2.8A extend from the surface oxygens to the NH~ group as in the ornithine complex. Slade et al. (1976) use a contrasting model not in complete accord with the i.r. results. Their proposed structure has a N-C6 bond perpendicular to the surface and a carbon plane with no tilt; in addition, the terminal oxygen atom of the carboxylic acid group is within hydrogen bond distance of the opposite silicate surface. However, the data of Slade et al. (1976) were unable to distinguish between details such as those separating the alternative models. In  Figs. 3, 4 and 5 the NH~-group is shown over, and a little to one side of, the exposed octahedral hydroxyls at a distance too great for pertlarbation of hydroxyl stretching frequencies to be evident in the spectra. The possibility exists that the amino acids may occupy other positions on the surface than the one illustrated and still preserve the orientations predicted by i.r. and satisfy the two dimensional X-ray results.
CONCLUSION
In this study the i.r. technique has been shown to provide an alternative method for determining the molecular orientation of organic cations at clay surfaces and is of special value when used in conjunction with X-ray diffraction results. The method gives rapid qualitative results on orientations and in this study proved to be of use for quantitative work. An efficient band resolution program is crucial for quantitative applications and the least squares program used here appears to be very suitable. We are currently investigating the accuracy of the i.r. ATR method for determining molecular orientations. Present indications are that the angles may be in error by up to about 5 ~ including errors between runs with separate preparations of experimental material. This error is also reasonable in view of the substantial agreement of the present results with electron density maps and d-spacings. The above agreement also supports the idea that once the orientations of the organic molecules are known, they may be positioned on the surface by hydrogen bond lengths (which may be also predicted from i.r. results) and van der Waals distances for closest contact--modified if suitable evidence arises for even closer contacts.
We have shown that the amino acids are present as singly charged molecules in the complexes. Our favored model reveals that the ornithine molecules are held fiat to the clay surface and twisted into a planar configuration, except for the C-N1 bond which extends towards the surface. This leaves sufficient room for two layers of ornithine molecules in each interlayer, one close to either clay surface. By contrast, the 6-aminohexanoic acid molecules form only one layer and occupy a sloping position with the NH~-hydrogen bonded to one surface (C6-N is not perpendicular to it but at an angle of 46 ~ ) and the termifial OH group at the van der Waals distance from the opposite surface. The plane of the carbon chain has a tilt of 34 ~ and the molecular axis slopes at 36 ~ to the surface.
